Quinones can modify biological molecules through both redox-cycling reactions that yield radicals (semiquinone, superoxide and hydroxyl) and via covalent adduction to nucleophiles (e.g. thiols and amines). Kinetic data indicate that Cys residues in GSH and proteins are major targets. In the studies reported here, the interactions of a prototypic quinone compound, p-benzoquinone (BQ), with the key redox protein, thioredoxin-1 (Trx1) were examined. BQ binds covalently with isolated Trx1 forming quinoprotein adducts, resulting in a concentration-dependent loss of enzyme activity and crosslink formation. Mass spectrometry peptide mass mapping data indicate that BQ forms adducts with all of the Trx1 Cys residues. Glutathione (GSH) reacts competitively with BQ, and thereby modulates the loss of activity and crosslink formation. Exposure of macrophage-like (J774A.1) cells to BQ results in a dose-dependent loss of Trx and thioredoxin reductase (TrxR) activities, quinoprotein formation, and a decrease in GSH levels without a concomitant increase in oxidized glutathione. GSH depletion aggravates the loss of Trx and TrxR activity. These data are consistent with adduction of GSH to BQ being a primary protective pathway. Reaction of BQ with Trx in cells resulted in the activation of apoptosis signal-regulating kinase 1 (ASK1), and p38 mitogen-activated protein kinase (MAPK) leading to apoptotic cell death. These data suggest that BQ reacts covalently with Cys residues in Trx, including at the active site, leading to enzyme inactivation and protein cross-linking. Modification of the Cys residues in Trx also results in activation of the ASK1/p38-MAPK signalling pathway and promotion of apoptotic cell death.
Introduction
Quinones are a common structural motif in many biological molecules [1] . Human exposure can arise from the oxidation of environmental pollutants, such as benzene [2] , cigarette smoke [3] , and polychlorinated biphenyls [4] , as well as through enzymatic metabolism of endogenous compounds (e.g. estrogens, dopamine [5, 6] ) and commercial drugs (e.g. acetaminophen, diclofenac [7] ). Quinones are commonplace in foods and can also be formed from metabolism of phenols and polyphenols [8] . Synthetic and natural product quinones are also widely employed in the clinic, or are under investigation as therapeutic drugs (e.g. doxorubicin, daunorubicin, epirubicin, idarubicin, mitoxantrone, rhein, atovoquone, emodin, juglone, tanoshinones) [1] .
Quinones can react as electrophiles to modify nucleophiles such as the cysteine (Cys) and lysine (Lys) residues in peptides (e.g. GSH) and proteins, or the amine-containing nucleobases of DNA/RNA via Michael addition reactions [1] . Alternatively, they can undergo redox cycling in the presence of O 2 and biological reductants to generate semiquinone and superoxide radical anions, and downstream species such as hydrogen peroxide (H 2 O 2 ) and hydroxyl radicals (HO . ) [1] . Our previous kinetic data indicate that quinones react with GSH and other thiols with higher rate constants than some widely studied oxidants (e.g. H 2 O 2 , ONOOH, HOSCN), suggesting that these compounds are likely to be significant thiol modifying agents in biological systems [9, 10] . Reaction with Cys residues on proteins results in the formation of protein-hydroquinone adducts that can undergo ready oxidation to give quinoneprotein (quinoprotein) species [11] ; the latter can undergo further reactions resulting in protein cross-linking [9, 10] . Thus, reaction of quinones with proteins can result in significant changes to protein structure and function [9, 10] . The active site thiol residue of calcium-ATPase has been shown to be modified by quinones leading to a loss of enzyme activity [12] . Similar reactions of quinone methide metabolites of 2,6-di-tert-butyl-4-methylphenol (BHT) can modify Cys residues in https://doi.org/10.1016/j.redox.2019.101400 Received 16 November 2019;  Received in revised form 4 December 2019; Accepted 5 December 2019 structural and antioxidant proteins, resulting in an enhancement of intracellular oxidative stress and inflammation; such reactions have been reported to underlie the lung tumorigenesis property of BHT [13] . A strong correlation has been reported between the covalent binding reactivity of substituted p-benzoquinones (BQ) and their hepatotoxicity, and the rate of soft electrophilic reactivity with GSH has been used to predict the potential cytotoxicity of p-benzoquinones in rat hepatocytes [14] .
The thioredoxin system is the major disulfide reductase system in mammals, with this composed of NADPH, thioredoxin (Trx), and thioredoxin reductase (TrxR). Trx is a small (12 kDa) reductase, present in both the cytosol (Trx1) and mitochondria (Trx2). It contains a conserved two Cys-containing sequence (-CGPC-) at its catalytic centre. The substrates for this system include peroxiredoxins (Prx), methionine sulfoxide reductases (MSR), and some redox-sensitive transcription factors [15] . Trx reduces disulfide bonds in client proteins by transferring electrons from the two reactive Cys residues in its active site, with concomitant formation of a disulfide bond in the catalytic centre. TrxR uses NADPH as the electron donor to reduce the oxidized Trx, thus maintaining it in a reduced form and completing its catalytic cycle [16] . We have recently reported that TrxR is susceptible to modification by benzoquinone via modification of both its selenocysteine (Sec) and Cys residues [10] . The GSH/GSSG-glutaredoxin-glutathione reductase-NAPDH reduction system, another critical antioxidant system, undergoes cross-talk, and has some overlap, with the Trx system, as GSH can reduce oxidized Trx in the presence of glutaredoxin (Grx) [17] , and the thioredoxin system can also reduce oxidized GSH [18] .
In addition to acting as a direct antioxidant system, Trx also acts as a central redox regulator mediating the activation of intracellular transcription factors including apoptosis signal regulating kinase 1 (ASK1). ASK1 belongs to the mitogen-activated protein kinase kinase kinase (MAPKKK) family. Activation of MAPKKK ultimately leads to the activation of MAPK including c-Jun N-terminal kinase (JNK) and the p38 MAPK family, therefore modulating both the stress response and apoptosis [19, 20] . Trx can negatively regulate ASK1 function by binding to the N-terminal noncatalytic region with formation of an inactive Trx-ASK1 complex. Oxidation of Cys32 and Cys35 of Trx, generates a disulfide bond that releases ASK1, thus activating ASK1 and the downstream cell apoptosis pathway [21] . Several compounds have been reported to induce cell apoptosis via the activation of Trx-ASK1-MAPK pathway. Thus, mercury compounds can oxidize Trx, resulting in the phosphorylation of ASK1, activation of caspase-3, and neuronal cell death via apoptosis [22] . Paraquat can induce oxidative stress, leading to the oxidation of Trx, thereby activating ASK1 and downstream JNK and p38-MAPK pathways, resulting in the induction of apoptosis [23] .
Previous studies have predominantly attributed Trx-ASK1 mediated cell death to Trx oxidation and subsequent release of ASK1. However, as quinones can modify both Cys and Sec residues (in the case of TrxR) by acting as electrophiles [9, 10] , we hypothesized that BQ might modify the Cys residues of Trx by this pathway, and thereby affect the function and oligomerization state of Trx, with this resulting in downstream cellular apoptosis via activation of the Trx-ASK1-MAPK pathway.
Materials and methods

Reagents and cell culture
Human recombinant thioredoxin-1, and thioredoxin reductase-1 (from rat) were purchased from IMCO (Stockholm, Sweden). Bovine serum albumin (BSA), GSH, GSSG, NADPH, glutathione reductase (GR) from yeast, recombinant human insulin, 5,5′-dithiobis(2-nitrobenzoic acid) (DTNB), 5-sulfosalicylic acid dehydrate, Triton X-100, 2-vinylpyridine, nitroblue tetrazolium (NBT), 2-chloroacetamide (CAA) and p-benzoquinone (BQ) were purchased from Sigma (St. Louis, MO, USA). BQ solutions were prepared fresh for each experiment by dissolving the compound in dimethyl sulfoxide (DMSO) to give a stock solution, with this then diluted into the relevant reaction systems. Lys-C was obtained from Promega (Madison, WI, USA). ThioGlo-1 (MMBC, methyl maleimidobenzochromenecarboxylate) was obtained from Berry and Associates (Dexter, MI, USA). Antibodies against ASK1 (702278) and phospho-ASK1 (Thr838, PA5-64541) were obtained from Thermo Fisher (Waltham, MA, USA). Antibodies against JNK (9252s), phospho-JNK (4668s), p38 MAPK (8690s) and phospho-p38 MAPK (Thr180/ Tyr182, 4511s) were purchased from Cell Signalling Technology (Danvers, MA, USA). All other reagents were of the highest available quality. High purity (MQ) water was obtained from a Milli-Q System (Millipore, Bedford, MA).
Murine macrophage-like J774A.1 cells (American Type Culture Collection; No. 915051511) were cultured in Dulbecco's modified Eagle's medium (DMEM, Sigma) with 10% (v/v) fetal bovine serum (Invitrogen), and 2 mM L-glutamine (Thermo, Waltham, MA, USA), in a humidified incubator at 37°C and 5% CO 2 .
Enzyme activity assay
Trx activity was measured according to a previously reported method [24] with some modifications. Purified Trx1 protein or cell samples were incubated with the reaction mixture buffer (790 μM insulin, 2 mM EDTA, 2 mM NAPDH, 0.5 μM TrxR in 210 mM HEPES, pH 7.6) at 37°C for 30 min, then the reaction was terminated by adding the stopping buffer (10 mM DTNB, 8 M guanidine hydrochloride in 0.2 M Tris-HCl, pH 8.0). Absorbance changes at 412 nm were recorded using a SpectraMax i3 plate reader (Molecular Devices, CA, USA).
TrxR activity was determined using a previously established method [25] with some modifications. Equal volumes of sample and reaction buffer (10 mM EDTA, 0.2 mg mL −1 BSA, 5 mM DTNB, and 240 μM NADPH in 50 mM potassium phosphate, pH 7.4) were mixed at 22°C. The conversion of DTNB to TNB was recorded at 412 nm every 30 s over a 20 min period using a plate reader (SpectraMax i3, Molecular Devices, CA, USA). Data were corrected for changes detected in the presence of the TrxR inhibitor auranofin (500 nM) added into the reaction system. (10 mM) in reaction buffer (50 mM Tris-HCl containing 2 mM EDTA, pH 7.6) at 22°C in the dark for 40 min. Excess DTT was removed by elution of the protein through a NAP5 column (GE healthcare, Chicago, IL, USA). Fully reduced Trx1 (2.5 μM) was treated with different concentrations of BQ (0.5-10 μM) for 5 min, before measuring the remaining enzyme activity using the method described above.
Inactivation of Trx and TrxR by BQ
For the experiment involving GSH as the protective reagent, GSH was co-incubated with reduced Trx1 and BQ for 5 min, or Trx1 was preincubated with BQ for 5 min before adding different concentrations of GSH. After this, excess GSH and BQ were removed using Zeba desalting columns (Thermo, Waltham, MA, USA), and the residual enzyme activity in the protein fraction measured as described above.
J774A.1 cells were seeded in 12-well plate at a density of 1 × 10 5 cells well −1 and cultured overnight in media. After removing the media and washing with HBSS, the cells were then incubated with different concentrations of BQ (2-80 μM) in HBSS for 1 h at 37°C. The cells were then washed twice with cold PBS, and lysed in lysis buffer (0.2 mg mL −1 BSA, 10 mM EDTA in 50 mM Tris-HCl, pH 7.6). The Trx and TrxR activities were measured using the methods described above. The protein concentration was determined by the bicinchoninic acid (BCA) assay.
Assessment of Trx1 oligomerization
Trx (human or E. coli) was reduced using DTT as described above, then 5 μM protein was incubated with different concentrations of BQ (2-80 μM) for 5 min. Aliquots of samples were then removed and diluted 4-fold with loading buffer (LDS Sample Buffer (4X) from Thermo Fisher, containing lithium dodecyl sulfate at pH 8.5 with SERVA Blue G250 and phenol red) with or without DTT. Samples were loaded on to 12-well SDS-PAGE gels (4-12% Bis-Tris Gel, Invitrogen) and subjected to electrophoresis using NuPAGE MES SDS running buffer (Invitrogen) at 200 V for 40 min. The proteins were subsequently developed using silver staining [26] and scanned using a flatbed scanner.
Detection of quinoprotein formation using glycinate redox-cycling staining
Quinone-adducted proteins were detected by nitrobluetetrazolium (NBT)-glycinate redox staining using a previously reported method [27] with some modifications. After reduction with DTT, Trx1 (10 μM) was incubated with different concentrations of BQ (0-40 μM) for 5 min, then protein samples were prepared by diluting with loading buffer (as above). After separation on SDS-PAGE gels, the proteins were transferred onto the PVDF membranes using an iBlot 2 dry blotting system (Thermo, Waltham, MA) at 20 V for 7 min, and then incubated with NBT (0.73 μM in 2 M potassium glycinate buffer, pH 10.0) for 40 min in the dark. The membranes were subsequently washed twice with sodium borate solution (0.16 M, pH 10.0) and scanned using a flatbed scanner.
Identification of BQ-modified sites in Trx using biotin ethylenediamine iodoacetamide (BEI)
Fully reduced Trx1 (5 μM, see above) was incubated with BQ (0-80 μM) for 5 min at 22°C. After this, samples were mixed with BEI (100 μM) at pH 7.6 followed by incubation at 37°C in the dark for another 30 min to alkylate residual -SH groups. Samples were then diluted 4-fold with loading buffer, and separated on 12-well SDS-PAGE gels (4-12% Bis-Tris Gel, Invitrogen) using NuPAGE MES SDS running buffer (Invitrogen) at 200 V for 40 min. The separated proteins were transferred to PVDF membranes using an iBlot 2 dry blotting system (Thermo, Waltham, MA) at 20 V for 7 min. The BEI-labelled protein was detected using horseradish peroxidase-conjugated streptavidin and enhanced chemiluminescence detection.
Protein digestion and identification by LC-MS/MS
Fully reduced Trx1 (10 μM, see above) was incubated with BQ (50 μM) for 5 min at 22°C. The samples were then incubated with 20 mM 2-chloroacetamide (CAA) to alkylate residual thiols in 6 M urea solution containing 50 mM Tris-HCl (pH 8.0) for 30 min at 22°C in the dark, then digested using Lys-C (Lys-C: protein ratio of 1:50) for 16 h at 37°C. Samples were desalted using C-18 disk StageTips (Empore C18, 47 mm Solid Phase Extraction Disks #2215, 3 M Purification, Eagan, MN, USA), then separated using a nanoUPLC system (Thermo, Waltham, MA) equipped with a C18 column (75 μm × 15 cm, 2 μm particle size, Thermo), held at 35°C, using a gradient elution system consisting of mobile phase A (0.1% formic acid in high purity water) and B (80% acetonitrile containing 0.1% formic acid in high purity water). The gradient employed was: 4% B for 5 min, linearly increased to 60% B over 30 min, then linearly increased to 99% B over 10 min, maintained at 99% B for 5 min, then returned to 4% B over 10 min, maintained at 4% B for another 10 min, with a flow rate of 0.3 μL min −1 and a total run time of 65 min. The eluted peptides were transferred to a Captivespray source of an Impact II Q-TOF mass spectrometer (Bruker, Billerica, MA). The capillary voltage was 1400 V, the dry gas flow was 3.0 L min −1 and the temperature 180°C. MaxQuant (version 1.6.3.4) was used for peptide sequence identification, and database searching. BQ-induced alkylation and S-carbamidomethylation at Cys were set as variable modifications to identify spectra of adducted peptides.
Cell metabolic activity assay
J774A.1 cells were seeded in 96-well plates at a density of 8 × 10 3 cells well −1 and cultured overnight in media. The cells were then treated with different concentrations of BQ (2-80 μM) for 24 h at 37°C. MTS solution (0.3 mg mL −1 ) was then added to every well and incubated for 4 h, after which the absorbance at 490 nm was quantified using a plate reader (SpectraMax i3, Molecular Devices, CA, USA).
Determination of total cellular thiols
J774A.1 cells were seeded in 12-well plates at a density of 1 × 10 5 cells well −1 and cultured overnight as described above. Cells were then washed with HBSS and incubated with different concentration of BQ (2-80 μM) for 1 h in HBSS at 37°C. After this, cells were washed twice with cold PBS and lysed in Milli-Q water on ice. The cell lysates were transferred to a 96-well plate and incubated with ThioGlo-1 reagent (26 μM) for 5 min in dark at 22°C. The resulting fluorescence was recorded using λ ex 384 nm, λ em 513 nm using a plate reader (SpectraMax i3, Molecular Devices, CA, USA). The resulting thiol concentration was normalized to the protein concentration and then expressed as a % of the control.
Determination of total GSH and GSSG
The total intracellular GSH and GSSG levels were measured using the enzymatic recycling method described in Ref. [28] with some modifications. Cells were seeded in 12-well plate at density of 1 × 10 5 cells well −1 and cultured overnight. Then cells were treated with different concentrations of BQ (0-40 μM) for 30 min as described above. After this, cells were washed twice with cold Ca 2+ -and Mg 2+free PBS, and harvested by centrifugation at 1000g for 5 min at 4°C. The cell pellets were then resuspended in cold extraction buffer (0.1% Triton-X and 0.6% sulfosalicylic acid in 0.1 M potassium phosphate buffer with 5 mM EDTA disodium salt, pH 7.5) and sonicated for 2 min with vortexing every 30 s. The homogenate was then centrifuged at 3000 g for 10 min at 4°C, and the supernatant taken for analysis. Total GSH levels were quantified by mixing the samples with assay solution (0.3 mg mL −1 DTNB, 0.3 mg mL −1 NADPH, and 2 U mL −1 GR), with the absorbance at 412 nm recorded every 30 s for 4 min. For quantification of GSSG, the samples were incubated with 10% 2-vinylpyridine at 22°C in the dark for 1 h. The derivatized samples were then analysed by the same procedure as described for the total GSH measurements. Standard GSH, GSSG and blank samples were run in parallel.
Preparation of cell lysates and immunoblotting analysis
J774A.1 cells were plated in 6-well plates at the density of 1 × 10 6 cells well −1 and cultured overnight in media. After removal of the media and washing with HBSS, the cells were treated with different concentrations of BQ (0-10 μM) or H 2 O 2 (0.3 mM) in HBSS for 15 or 30 min, and then washed with cold PBS, lysed in RIPA buffer containing a protease and phosphatase inhibitor cocktail. After centrifugation (16000 g for 10 min at 4°C) to obtain the soluble fraction, samples (40 μg protein) were separated by SDS-PAGE under non-reducing conditions, followed by transfer to PVDF membranes using an iBlot 2 dry blotting system (Thermo, Waltham, MA) at 20 V for 7 min. The membranes were blocked with 5% BSA prior to probing with specific antibodies (see section 2.1). Phosphorylated protein levels were normalized to the total concentration of phosphorylated and unphosphorylated material. Levels of a β-actin, used as loading control were also quantified to confirm equal protein loading on the gels.
Apoptosis identification
J774A.1 cells were cultured overnight in eight-well chamber glass culture slides at a density of 8 × 10 3 cells per well as described above. Cells were then treated with BQ (20 μM) for 4 or 24 h, and cell apoptosis was detected using an APC Annexin V Apoptosis Kit (Nordic BioSite, Sweden). In brief, after the treatment, cells were washed twice with the binding buffer and double-stained with Annexin V and propidium iodide (PI) for 20 min in the dark. The samples were then rinsed twice with binding buffer and cover slips added. Cell images were captured from multiple fields using a fluorescence microscope (Olympus, Japan) equipped with cellSense Entry v1.5 software.
Statistics
Results were analysed using one-way analysis of variance (ANOVA) followed by Tukey's post hoc test using SPSS 25 (IBM, Armonk, NY, USA). Data are presented as mean ± standard deviations (SD) from at least triplicate independent experiments unless otherwise noted. Significance was set at p < 0.05.
Results
BQ-induced inhibition of Trx1 activity
Incubation of the Trx1 with BQ for 5 min resulted in a rapid and concentration-dependent decrease in Trx1 activity (Fig. 1A) . A significant loss of Trx1 activity was detected when the BQ concentration was two-fold or greater compared to the Trx1 concentration.
Detection of BQ adduction to Trx1 and identification of sites of modification
NBT-redox staining revealed that BQ rapidly formed adducts with Trx1, with significant bands from quinoprotein species detected within 5 min of the initiation of the reaction (Fig. 1B) . When the BQ concentration was 3-fold or greater compared to the Trx1 concentration, a decrease in the quinoprotein band intensity was detected, possibly as a result of changes in Trx1 oligomerization (see below).
As Cys residues have been identified as kinetically important sites for quinone reaction [9, 11] , further studies were carried out to examine the role of Trx Cys residues in the formation of the quinoprotein species, with the Cys residues on Trx labelled using BEI. As shown in Fig. 1C , treatment of Trx1 with BQ prior to incubation with BEI, resulted in a decreased intensity of the bands arising from BEI labelling. This decrease occurred in a concentration-dependent manner with increasing BQ levels, with 80 μM BQ resulting in a complete blocking of available -SH groups.
The sites of modification were determined using mass spectrometry (MS) peptide mass mapping. BQ-modified Trx1 (generated as described above), was digested with Lys-C and subjected to LC-MS analysis. Peptide coverage for both the native and modified protein was > 90%. All peptides yielded abundant and characteristic fragmentation ions with good signal intensities in MS 2 experiments that could be readily analysed. Three peptides containing all of the Trx Cys residues were identified for both native and modified protein, and every residue was detected as a BQ-modified species (Table 1, Fig. 2 ), supporting the hypothesis that modification of the catalytic Cys residues is, at least partly, responsible for the observed loss of activity. These data are consistent with the BEI labelling experiments. 
Effect of BQ treatment on Trx1 oligomer formation and cross-linking
To characterize modifications to Trx1 induced by BQ, fully reduced Trx1 was treated with different concentrations of BQ at 22°C in the dark for 5 min, with samples subsequently subjected to SDS-PAGE, under non-reducing and reducing conditions, and silver staining. The gels run under non-reducing conditions (Fig. 3A) , indicate that BQ induces formation of multiple protein oligomers and loss of the parent protein band, particularly with a 3-fold, or greater, molar excess of BQ compared to the Trx1 concentration.
Inclusion of DTT as a reducing agent, significantly decreased the intensity of most of the oligomer bands, although a band with a mass consistent with the presence of a dimer species showed a BQ concentration-dependent increase (Fig. 3B) . These data suggest that interprotein disulfide bonds are a major contributor to the protein crosslinking, but that at least one dimer species contains non-reducible crosslinks.
Trx from E. coli contains only two of the Cys residues present in the human protein, which are present in the catalytic centre [29] . Consequently, limited studies were carried out to examine the effect of BQ treatment on this isoform. As shown in Fig. 3C and D, BQ induced only non-reducible dimers with E. coli Trx, suggesting that the disulfidebonded oligomers detected with the human protein arise from the noncatalytic Cys residues.
Effect of GSH on BQ-induced loss of enzyme activity, oligomer formation and cross-linking
Previous data indicate that BQ-induced modification of Cys residues on GAPDH can be prevented by competitive reaction of GSH with BQ, and (to a more limited extent) reversed by S-transarylation reactions [9, 10] . Consequently, we hypothesized that BQ modification of Trx1 may also be prevented or reversed by GSH. This was investigated by incubating Trx1 (2.5 μM) and BQ (10 μM) for 5 min in the absence or presence of different concentrations of GSH (0-40 μM) before determination of residual enzyme activity. Co-incubation with GSH showed a concentration-dependent protection against BQ-induced loss of Trx1 activity (Fig. 4A) , with near complete enzyme activity retained with a 16-fold molar ratio of GSH (i.e. 40 μM) compared to Trx1 concentration; the significance of this ratio is discussed further below.
To confirm this competitive effect of GSH, Trx1 (5 μM) was co-incubated with BQ (20 μM) in the absence or presence of GSH (0-1000 μM) with the samples analysed by SDS-PAGE with silver staining under non-reducing conditions. GSH was observed to decrease BQ-induced cross-linking of Trx1 in a concentration-dependent manner (Fig. 4C) , indicating that GSH can preserve both Trx activity and prevent changes in functional integrity.
S-transarylation, which can reverse initial adduct formation, was investigated by pre-incubation of Trx1 (2.5 μM) with BQ (10 μM) for 5 min, to allow adduct formation, then different concentrations of GSH (0-40 μM) were added to examine potential recovery of enzyme activity. Over the concentration range tested, GSH could not reactivate Trx1 (Fig. 4B) . Analysis by SDS-PAGE of similar samples (Fig. 4D) , indicated that adding GSH to BQ-adducted Trx1 marginally decreased the intensity of the BQ-induced protein oligomer bands, with a new cross-linked species generated.
To examine whether the prevention of loss of activity and protein cross-linking was associated with sparing of Trx Cys residues, Trx1 (5 μM) was incubated with BQ (20 μM) for 5 min in the absence or presence of GSH (0-40 μM). The samples were subsequently incubated with BEI (250 μM) and the BEI-labelled proteins were subjected to SDS-PAGE and immunoblotting. The data obtained indicate that co-incubation with GSH could alleviate BQ-induced band intensity loss in a concentration-dependent manner (Fig. 4E ). This confirms that GSH reacts competitively with BQ, resulting in a decrease in the loss of Cys residues on Trx1, retention of enzyme activity and a decrease in oligomer formation/cross-linking. Addition of GSH after pre-exposure Trx1 to BQ did not reverse the observed loss of BEI-labelling, consistent with the activity data ( Fig. 4F ).
BQ-induced loss of metabolic activity in J774A.1 cells
BQ-Trx interactions were studied further with J774A.1 cells. Different concentrations of BQ (2-80 μM) were used to treat cells (8 × 10 3 cells well −1 ) for 24 h, before assessment of cellular metabolic activity using the MTS assay. As shown in Fig. 5A , BQ induced a dosedependent decrease in cellular metabolic activity, with a significant loss detected for the 20, 40 and 80 μM treatment groups. To determine whether this was associated with the induction of apoptosis, cells were dual stained with Annexin V and PI and imaged by fluorescence microscopy. The data obtained indicate that after 4 h incubation, BQ induced significant cellular apoptosis, as detected by fluorescence in FITC channel, with longer incubation times (up to 24 h) increasing the fluorescence intensity and hence extent of apoptosis ( Fig. 6 ).
To investigate possible pathways associated with this induction of apoptosis, cells were incubated with BQ for 1 h, and total cellular thiol concentrations were quantified. BQ treatment significantly decreased intracellular thiol levels, consistent with a rapid perturbation of cellular redox balance after BQ treatment (Fig. 5B ). This imbalance may act as the trigger for apoptosis.
Effect of BQ on antioxidant systems in J774A.1 cells
The effect of BQ on the activity of Trx and TrxR in J774A.1 cells was investigated. The data indicate that BQ reduced the activity of both Trx (Fig. 7A) and TrxR (Fig. 7B ) after 1 h treatment. Concomitant studies examined the intracellular concentrations of GSH and GSSG by an enzymatic recycling method. As shown in Fig. 7C , BQ treatment for 30 min significantly decreased the total GSH level, without a corresponding increase in GSSG concentration (Fig. 7D) . These data suggest that the major pathway to loss of GSH is via formation of GSH-BQ adducts, which cannot be reduced by the GR, rather than via redox cycling and oxidant formation. This conclusion is supported by data obtained from experiments which compared the rate of TNB formation from DTNB by untreated GSH, and GSH pretreated with BQ, with the latter showing much slower reaction kinetics ( Supplementary Fig. 1 ). The GSH system also appears to be more vulnerable to BQ than the Trx system, as 20 μM BQ dramatically decreased the concentration of GSH while having little effect on Trx activity. 
BQ-induced quinoprotein formation in J774A.1 cells
BQ binds to isolated proteins to produce quinoprotein adducts as detected by NBT redox staining (Fig. 1) . To test whether this also occurs in cells, and especially in the presence of GSH, J774A.1 cells were exposed to varying concentrations of BQ (2-80 μM) for 1 h followed by analysis for the presence of quinoproteins (Fig. 8) . The data obtained indicate that BQ binds to multiple intracellular proteins, with at least five bands detected with 40 and 80 μM BQ. The identity of these proteins has not been determined due to the technical complexity of proteomic analysis of whole cell lysates separated on 1-dimensional gels.
Effect of GSH-depletion on BQ-induced cell viability loss and Trx system impairment
Previous studies have provided evidence that the GSH system can substitute for TrxR, when the latter is eliminated, to reduce Trx thus preventing cell death [17] . The cross-talk of these two systems was therefore studied here with regard to protection against BQ-induced damage. Intracellular GSH was depleted by treating cells with 25 μM Lbuthionine-sulfoximine (BSO) for 24 h, and then cells were exposed to different concentrations of BQ for 1 h. Following exposure to BQ, BSO pre-treated cells had lower Trx and TrxR activity ( Fig. 9 ), suggesting that the GSH system can supplement the role of TrxR in protecting Trx from BQ-induced damage.
BQ-mediated activation of ASK1/p38 signalling pathway
Trx can serve as a negative regulator of ASK1 by directly binding with it via an inter-protein disulfide bond [30] . We therefore postulated that BQ might impair this function of Trx system, by modifying the critical Trx Cys residues, and hence that BQ might activate ASK1 and the downstream MAPK signalling pathway to promote cell apoptosis. Immunoblotting studies clearly indicate the phosphorylation of ASK1 at Thr838 upon treatment of cells with BQ (5 μM) for 15 min (Fig. 10A  and B) , consistent with the decreased Trx activity reported above. This activation of ASK1 also resulted in increased phosphorylation of the downstream MAPK protein, with a significant increase in the phosphorylation of p38-MAPK detected. In contrast, no obvious activation of JNK was detected ( Fig. 10C-E) , though positive controls with H 2 O 2 showed marked increases. This last observation also suggests that the concentrations of BQ employed do not give rise to marked intracellular concentrations of H 2 O 2 via redox cycling.
Discussion
The strong electrophilic property of BQ results in rapid reactions with proteins to form Michael adducts. Previous studies have reported, for example, covalent adduction to serum albumin [3, 9] , haemoglobin [31] , α-crystallin [32] , GAPDH [9] , creatine kinase [9] , papain [9] and TrxR [10] with downstream effects on protein integrity and function. Evidence has been presented for a concomitant loss of enzymatic activity for GAPDH and creatine kinase, as a result of modifications at the catalytic Cys residues, and for TrxR as a result of adduction at the Sec or Cys residues [9, 10] . Trx has a conserved active site -Cys-Gly-Pro-Cysmotif, which mediates electron transfer to substrates. These Cys residues bind ASK1, with this resulting in a negative regulation of its function. Previous studies have shown that oxidation of the active site Cys residues in Trx results in the release and activation of ASK1, increased MAPK activity and the induction of apoptosis [21] . Based on these data, we hypothesized that BQ might covalently bind to these Cys residues, and thereby change the nature of the protein, modulate the activity of Trx, and induce apoptosis.
BQ induced a rapid and concentration-dependent inhibition of purified Trx1 activity, with a 4-fold excess of BQ treatment inducing > 90% loss of activity (Fig. 1A) . This is consistent with the Cys labelling data obtained with BEI, where the same excess of BQ fully blocked the Cys residue (Fig. 1C) , and the presence of 5 Cys residues in human Trx (ExPASy entry P10599). The MS analyses also yielded data consistent with BQ adduction (rather than oxidation) at both the catalytic Cys residues, and the other three Cys residues in the sequence Table 1 ).
( Fig. 2 and Table 1 ), and the NBT staining indicated the presence of quinoproteins after BQ treatment (Fig. 1B) . These data suggest that BQ binds covalently to Trx1 at each of the Cys residues, including those in catalytic centre, resulting in enzyme inactivation. Modification of Trx Cys residues, and associated inactivation, has been reported for other electrophiles. Thus, (−)-epigallocatechin-3-gallate (EGCG) has been reported to selectively modify Cys32 of Trx1 after oxidation [33] , and a covalent adduct has been reported between 4-hydroxy-2-nonenal 6 ). The samples were split into three portions. The remaining Trx activity was measured (panel A), samples were analysed by SDS-PAGE followed by silver staining (panel C), or incubated with BEI (250 μM) in dark for 30 min at 37°C, then analysed by SDS-PAGE followed by treatment with horseradish peroxidase-conjugated streptavidin and enhanced chemiluminescence detection (panel E). Panels B, D, F: DTT-reduced Trx1 (2.5 μM) was incubated with BQ (20 μM) for 5 min in 50 mM Tris-HCl containing 2 mM EDTA (pH 7.6), then GSH (5-1000 μM) was added and incubated for another 5 min. The samples were then split into three portions and analysed, as described above, for remaining Trx activity (panel B), by SDS-PAGE followed by silver staining (panel D), or incubated with BEI (250 μM) in dark for 30 min at 37°C, then analysed by SDS-PAGE followed by treatment with horseradish peroxidase-conjugated streptavidin and enhanced chemiluminescence detection (panel F). Data (mean ± standard deviations) from 3 independent experiments are presented in panels A and B. Representative images from 3 independent experiments are shown in panels (C -F). *p < 0.05, **p < 0.01 vs. control (CON) samples with no added BQ; #p < 0.05, ##p < 0.01 vs. samples with no added GSH.
(HNE) and Trx, with the catalytic Cys residues (Cys32 and Cys35) being the primary targets [34] . The cytotoxicity of HNE has therefore been proposed to arise from Trx inhibition [34] .
BQ modification of Trx results in oligomer formation and crosslinking, as observed with other proteins [9, 10] , with cross-links detected between Trx1 molecules (Fig. 3) . The active site Cys32 and Cys35 residues of Trx are partly exposed on the protein surface ( Fig. 11 ), allowing reduction of client proteins. This accessibility, which is a required for enzymatic activity, also makes these residues susceptible to modification. Of these two residues, Cys32 has a lower pK a value [35] , and has been reported to be more vulnerable to alteration; whether this is also true with BQ cannot be determined from the current data as both Cys residues appear in the same peptide after Lys-C digestion.
Treatment of Trx with equimolar or a two-fold excess of BQ, generated predominantly non-reducible dimers (Fig. 3) . This is inconsistent with the formation of inter-molecular disulfides as detected with reactive oxidants [35] . However, previous studies have reported BQ-induced dimerization of annexin V via a quinone bridge [36] . This can arise from initial Michael addition to form a catechol adduct, oxidation of this adduct to a quinoprotein, and then a second Michael addition with another protein molecule. We therefore postulate that Cys32 and Cys35 are major targets for BQ, with modification of these two Cys residues giving Trx1 homodimers involving a quinone bridge. Whether this involves two Cys32 residues, two Cys35 residues, or a mixed interprotein Cys32-Cys35 species is unknown and warrants further investigation. The involvement of Cys32 and/or Cys35 is supported by the detection of cross-links with the E. coli protein that only contains these Cys residues, and not the three additional Cys residues present in the human protein [29] . The non-reducible cross-links detected for the E. coli protein ( Fig. 3C vs. D) are consistent with similar quinonebridged dimers.
With higher excesses of BQ (> 2-fold, Fig. 3A and B ) formation of reducible dimers was also detected for human Trx. These may be disulfide linked species, or quinone-linked species that are susceptible to Stransarylation [37] repair reactions. Whether these reversible adducts involve Cys32 and/or Cys35 cannot be determined for the human protein, but the data obtained with the E. coli protein suggest that disulfide cross-links that involve only these residues (i.e. Cys32-Cys32, Cys35-Cys35 or Cys32-Cys35) are not formed. However, we cannot exclude disulfide cross-links involving one of these residues and another Cys residue in the human protein.
Of the non-catalytic Cys residues in human Trx1, Cys73 is closest to the catalytic centre and surface exposed ( Fig. 11 ) [38] . It has been reported that homodimers formed between two Cys73 residues make the catalytic centre inaccessible to TrxR, thereby inhibiting Trx activity [39] . Previous studies have also proposed that Cys73 is a primary target for modification [39] [40] [41] . However, the detection of higher oligomers (trimers, tetramers) suggest that Cys73 cannot be the only site through which inter-protein disulfides are generated. The formation of these higher oligomers also appears to be associated with lower levels of quinoprotein formation (and hence potential further reaction) as detected using NBT redox staining (Fig. 1B) .
GSH modulates BQ adduction to Trx1 and its consequences. This Fig. 5 . Cell metabolic activity assay and intracellular total thiol measurement. J774A.1 cells (8 × 10 3 cells well −1 ) were exposed for 24 h to different concentrations of BQ (2-80 μM). Cell viability was determined by MTS assay (A). J774A.1 cells (1 × 10 5 cells well −1 ) were exposed for 1 h to different concentrations of BQ (2-80 μM). Total intracellular thiol level was measured using the ThioGlo-1 assay (B), with levels normalized to the total protein concentration. *p < 0.05, **p < 0.01 vs. control (CON) samples with no added BQ. protection appears to occur mainly via competitive conjugation to give GSH-BQ adducts. Co-incubation of GSH and Trx1 with BQ resulted in lower levels of thiol depletion on Trx, decreased cross-link formation, and diminished loss of Trx1 activity (Fig. 4 ). This competition between GSH and Trx1 for BQ will depend, at least in part, on the concentrations of these compounds and their relative rates of reaction with BQ. Whilst the GSH concentration in cells is typically 1-5 mM [42] , the cellular concentration of Trx appears to be more variable and cell-type dependent [43, 44] . Recent (minimally-invasive) NMR analyses indicate that normal physiological levels of Trx are 10-70 μM, with this dependent on external factors/stimuli [43] , and much lower than for GSH. We have reported kinetic data for the reaction of GSH with BQ, with k 26 × 10 5 M −1 s −1 at 10°C and pH 7.0 [9] . Corresponding data for Trx are not yet available, but the data obtained here indicate that slightly lower than stoichiometric, or equal concentrations of GSH relative to Trx1, provide significant protection (as measured by loss of activity, Cys depletion and aggregate formation), suggesting that the rate constant for reaction of BQ with Trx1 is likely to be of a similar magnitude to that for GSH (i.e. close to 1-5 × 10 5 M −1 s −1 at 10°C, pH 7.0). This value is significantly (~10-fold) higher than for the other proteins reported to date [9] . These data suggest that within cells reaction of BQ with GSH is a major reaction. This conclusion is supported by the cell data, where BQ treatment induced a more extensive loss of GSH, than Trx and TrxR activity, though reaction with both Trx and TrxR can also occur to a significant extent, and have biological consequences ( Fig. 7 and [10] ). Depletion of GSH (using BSO) resulted in an increased loss of Trx and TrxR activity ( Fig. 9 ), indicating that reaction of BQ with Trx and TxrR is of particular significance in cells where GSH is depleted. Whilst GSH is often viewed as a key defence against intracellular oxidants [45] , with resulting formation of GSSG, the latter was not detected in the current studies, despite marked GSH loss. These data indicate that GSH protects Trx and TrxR by direct conjugation with BQ, rather than via prevention of redox cycling of BQ, and consequent formation of semiquinone and superoxide radicals, and H 2 O 2 . In the light of these data, we propose that BQ-induced cytotoxicity may arise primarily via direct adduction to intracellular proteins, and subsequent modulation of protein function, rather than via redox cycling and radical/peroxide formation.
GSH has been reported to reverse quinone-induced enzyme inactivation via S-transarylation [46] , and we have reported GSH-mediated reversal of BQ-induced damage to some (e.g. GAPDH and papain) but not all proteins [9, 10] . In the current study, addition of GSH to Trx1 pre-treated with BQ did not reverse either protein Cys consumption or activity loss, suggesting the S-transarylation may be selective to certain proteins and is not a ubiquitous process. This potential selectivity warrants further study, and may be due to steric or electronic factors. Fig. 7 . Effect of BQ on antioxidant systems in J774A.1 cells. Cells (1 × 10 5 cells well −1 ) were exposed to different concentrations of BQ (2-80 μM) for 1 h, then harvested and lysed. Trx activity was measured by insulin reduction assay (A) and TrxR activity was measured by the DTNB assay (B). Cells were incubated with different concentrations of BQ (2-80 μM) for 30 min, the intracellular total GSH (C) and GSSG (D) level were measured by an enzymatic recycling method. *p < 0.05, **p < 0.01 vs. control (CON) samples with no added BQ. were incubated with different concentrations of BQ (2-80 μM) for 1 h. Cells were harvested and lysed in RIPA buffer containing protease and phosphatase inhibitor cocktail. Then samples were analysed by SDS-PAGE followed by NBT redox staining. A representative image from 3 independent experiments is shown. Fig. 9 . Effect of GSH depletion on the activity of the Trx system in J774A.1 cells. Cells (1 × 10 5 cells well −1 ) were treated with 25 μM BSO for 24 h, and then incubated with different concentrations of BQ (10-80 μM) for another 1 h. Trx activity was measured using the insulin reduction assay (A), TrxR activity was measured by the DTNB assay (B). *p < 0.05, **p < 0.01 vs. control (CON) samples with no BSO pretreatment. The relative activities for all groups are referenced to the control group without BSO and BQ treatment (indicated as CON; 0 μM, black bars), with this value taken as 100%. Fig. 10 . Activation of ASK1/p38-MAPK signalling pathway in J774A.1 cells. Cells (1 × 10 6 cells well −1 ) were incubated with different concentrations of BQ (2 and 5 μM) for 15 min, and then cells were harvested and lysed in RIPA buffer containing protease and phosphatase inhibitor cocktail. Samples were analysed by immunoblotting to quantify activation of ASK1 by the phosphorylation of Thr838 (A and B). Cells were incubated with different concentrations of BQ (5 and 10 μM) for 30 min, and then cells were harvested and lysed in RIPA buffer containing a protease and phosphatase inhibitor cocktail. Samples were analysed by immunoblotting (representative images from 3 independent experiments are shown in (A) and (C) and activation of JNK and p38-MAPK measured by the phosphorylation of Thr183/Tyr185 and Thr180/Tyr182, respectively, quantified in panels (B), (D) and (E). The phosphorylated protein levels were normalized to the total of the phosphorylated and unphosphorylated) forms to give the ratio shown in the panels. Levels of β-actin were also determined as a loading controls to confirm equal protein loading (data not shown). H 2 O 2 (300 μM) was used as a positive control. *p < 0.05, **p < 0.01 vs. control (CON) samples with no added BQ. Fig. 11 . Location of Cys residues in human Trx1 (PDB structure: 1ert). Crystal structure data rendered using the software program Jmol, using 100% van der Waals spheres, with the two views of the protein structure rotated by 180°around the vertical axis. Cys residues numbered from the protein sequence with Cys32 and Cys35 being the catalytic site pair present in both mammals and Escherichia coli. The latter form lacks the Cys residues present at positions analogous to 62, 69 and 73.
Trx regulates ASK1 in a negative manner via binding at Cys32 and/ or Cys35 [47] . It was therefore of interest to examine whether BQ modulated this process in cells, and whether this resulted in phosphorylation of ASK1 at Thr838 (Fig. 7A ). Thr838 is present in the catalytic domain of ASK1, with phosphorylation resulting in full activation [48] , and subsequent induction of the mitogen-activated protein kinase kinase (MKK) 4/7-JNK and MKK3/6-p38 pathways [49] . BQ induced activation of the p38-MAPK, but not the JNK, pathway while H 2 O 2 (used as a positive control) activated both ( Fig. 10 ); this effect of H 2 O 2 arises from Trx oxidation and dissociation of ASK1 from the ASK1-Trx complex [50] . These differences between BQ and H 2 O 2 , confirm that BQ has a differential mode of action, independent of H 2 O 2 generation, with this ascribed to direct modifications at the Trx catalytic centre, and activation of specific downstream signalling pathways.
The findings reported here are summarized in Fig. 12 . BQ treatment results in inhibition of Trx and TrxR activity as well as depleting GSH levels. The toxic effects of BQ on cells are attributed to the electrophilic property of BQ, which can covalently bind with GSH and Trx. The modification of Cys residues in Trx results in the release of ASK1 from the ASK1-Trx complex with subsequent activation of ASK1, the p38-MAPK pathway and cell apoptosis. BQ is a relatively non-specific modifying agent which generates adducts at all Trx1 Cys residues, with this resulting in protein cross-linking and enzyme inactivation. In macrophages, this ultimately results in apoptosis. This work suggested a new mechanism of ASK1 activation, and indicates that the ASK1-p38-MAPK pathway is important in quinone-induced cytotoxicity.
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